ABSTRACT. The water quality assessment for wastewater reclamation is usually related to many parameters. This would introduce difficulty in objectively and comprehensively evaluating the overall water quality, and affect the water reuse safety. To address this problem, a principal component analysis (PCA) method was employed in this study to identify the components that mainly affect water quality. By examining eleven indices, a large amount of water quality data of four typical wastewater reclamation treatment plants (WRTP) in northern China were collected. The PCA results indicated that four uncorrelated principal components (PC) could represent the majority of water quality information. The first PC was mainly involved with the COD index and the sensory properties of water, including chroma, turbidity, dissolved solids, and total hardness. The second PC included the indices of NH 3 -N, DBP (di-n-butyl phthalate), and DEHP (Di (2-ethylhexyl) phthalate), reflecting the water reuse safety on both human health and ecological environment. The total phosphorus (TP) and iron (Fe) were included in the third PC, while the fourth PC included dissolved oxygen (DO). Based on PCA analysis, a comprehensive score of water quality was also obtained for each WRTP during each representative month, and it was found that the wastewater reclamation process could greatly affect the quality of reclaimed water. These four identified principle components can help evaluate the overall water quality, and much attention should be given to their effective monitoring and control during the operation of WRTP or the selection of appropriate treatment process.
Introduction
The water resources shortage has become an exacerbating problem around the world along with the continued growth of population, accelerated industrialization and urbanization, and global climate change (Wang et al., 2012) . Among various strategies to address this problem, the reclamation of municipal wastewater has been recognized as a key measure (Yi et al., 2011) . The reclaimed water, namely the effluent from municipal wastewater reclamation treatment plant (WRTP), can be used for a variety of purposes. These may include scenic and landscape water use, miscellaneous urban water use (e.g., car washing, park greening, construction site water use, and street spraying), irrigation water use, and even the recharge of groundwater (Sastry and Sundaramoorthy, 1996; Yanko et al., 1999; Furumai, 2008; Carr et al., 2011) . In particular, the wastewater reclamation has been widely utilized in northern China where the water availability is a challenging issue (Zheng et al., 2011) . For example, the utilization of reclaimed water in Beijing reached 0.65 billion m 3 in 2009, accounting for about 18% of its total annual water consumption volume (Wei et al., 2011) . As a result, the reclaimed water can represent an indispensable part of water resources, and its effective utilization is of critical importance.
Generally, the utilization of reclaimed water can be associated with a number of public health and environmental concerns. Many pollutants (e.g., trace toxic substances, nutrient elements, endocrine disruptors, pesticides, and personal care products) could not be thoroughly removed using conventional wastewater treatment processes . This would pose potential risks on the human health and ecological system (Al-Rifai et al., 2007; Dodd et al., 2009; Singh et al., 2010; Wei et al., 2011; Yi et al., 2011) . For example, Kalavrouziotis et al. (2008) observed the increased heavy metal contents in the edible plant parts of crops when treated municipal wastewater was used for irrigation. The reclaimed water with high contents of nutrient elements (e.g., N, P) can result in algal blooms in aquatic ecosystems, while the irrigation of crops using reclaimed water may also lead to excessive vegetative growth, reduced fruit set of crops, and delays in maturation (Toze, 2006; Rusan et al., 2007) . When the reclaimed water was used for the recharge of groundwater, a long time (i.e. more than one month) travel in the subsurface was suggested for getting rid of toxic chemicals (Zhang et al., 2011) . Particularly, it was reported that the estrogen (i.e. an endocrine disruptor) in aquatic environments mainly comes from the effluent of wastewater treatment plant (WWTP) (Tomšíková et al., 2012) . Among various estrogens, Di (2-ethylhexyl) phthalate (DEHP) and di-n-butyl phthalate (DBP) are ubiquitous environmental contaminants that can lead to serious human health and ecological concerns. They can adversely affect the quality of vegetables through disturbing the normal physiological metabolism of plants (Yin et al., 2003) . Recent studies also indicated that DEHP could induce cancer through multiple molecular signals such as DNA damage (Caldwell, 2012) . Therefore, the safety associated with the reuse of reclaimed water is of fundamental importance, and this calls for an effective water quality assessment for wastewater reclamation.
The assessment of water quality has conventionally been based on the measurement of physicochemical parameters, such as the chemical oxygen demand (COD), biochemical oxygen demand (BOD 5 ), total organic carbon (TOC), total nitrogen (TN), and total phosphorus (TP) (Wei et al., 2011) . However, these parameters are not enough to evaluate the quality of reclaimed water. It is also necessary to include the measurement of some common estrogens (e.g., DEHP and DBP) for the purpose of wastewater reclamation security. This would lead to a wide range of water quality indices to be used in the evaluation framework. In fact, many water quality indices are included in the current wastewater reclamation standards for different applications in China, leading to the complexity of evaluating reclaimed water quality. On one hand, it is very hard for wastewater reclamation plant to monitor and analyze all of these indices during its daily operation due to the limitation of monitoring technology and cost. The incomplete monitoring data may then lead to an unauthentic water quality evaluation result. On the other hand, different wastewater treatment processes can have different removal effects on various pollutants. It is thus very difficult to choose the appropriate treatment processes since there are so many indices that need to be considered and it is not clear which index can mostly reflect the overall quality of reclaimed water. Therefore, the development of an objective water quality evaluation index framework is necessary for not only comprehensively assessing the reclaimed water quality, but also for choosing suitable wastewater treatment processes.
The comprehensive evaluation of environmental quality has been conducted using various multivariate statistical methods. In particular, principal component analysis (PCA) method is a very valuable tool, especially when there are too many variables and when correlations exist between some variables (Ouyang, 2005; Shrestha and Kazama, 2007) . The PCA method can convert multiple indices into some comprehensive indices based on dimensional reduction, and can reduce calculation complexity caused by too many variables in a conventional statistical problem. For example, Kazi et al. (2009) applied cluster analysis (CA) and PCA to analyze 36 physicochemical parameters in water samples collected from a polluted lake, with CA method being used to group five sampling sites into three clusters of similar water quality characteristics, and PCA method being used for identifying chemical correlations and the factors or pollution sources responsible for water quality variations. Zhang et al. (2009) applied different multivariate statistical methods to evaluate river water quality indicated by 13 parameters, and they used CA method to group 12 monitoring months into three periods and 18 sampling sites into three groups, used discriminant analysis (DA) method to identify significant parameters for discrimination among the temporal and spatial groups, and then used PCA method to standardize water quality data sets to examine differences between these groups and identify the responsible pollution sources. However, most of the previous studies using PCA method were focused on river water, lake water, and irrigation water, while less attention has been put on the reclaimed water (Mandal et al., 2008; Peiris et al., 2010; Peldszus et al., 2011) . In fact, although many indices have been selected for monitoring the effluent quality of WRTP and used in the wastewater reclamation standards, some of them are correlated to each other. This would lead to the overlap of information for water quality assessment (Guimet et al., 2004; Primpas et al., 2010) . This kind of information overlap can be addressed through reducing the insignificant components from the evaluation index system. The objective of this study was then to develop a simplified water quality evaluation index system for wastewater reclamation. The monitoring data collected from four WRTPs in northern China were analyzed, and the PCA method was applied for identifying the major indices that can fully and objectively reflect the reclaimed water quality. This would be valuable for objectively comparing the performances of different wastewater treatment processes and ensuring the safe utilization of reclaimed water.
Materials and Methods

Data Collection for Physicochemical Parameters
Nine routine water quality indices were monitored on a daily basis within four municipal wastewater reclamation treatment plants (WRTPs) in northern China, and the daily monitoring data of these indices within four representative months of 2010 (i.e. January, April, July, and October) were directly obtained from these WRTPs in this study. The nine indices included chroma, turbidity, dissolved solids, total hardness, iron, DO, COD, total phosphorus, and ammonia nitrogen. The daily values of these indices in each month were then averaged to obtain the monthly value for water quality assessment. The influents of these WRTPs came from the effluents of municipal wastewater treatment plants (WWTPs), while the reclaimed water were used for different miscellaneous urban water uses. Thus, heavy metals were not included in the indices. These four treatment plants are located in a city of northern China, and they vary in treatment capacity, treatment process, and effluent usage. Figure 1 shows the process flow of each WRTP, and Table 1 lists their information.
Analysis of Estrogens in Reclaimed Water
In addition to the physicochemical data, the measurements of estrogens (e.g., DEHP and DBP) in reclaimed water were also conducted in this study since they are of public health concerns. As the water quality indices for optional control, DEHP and DBP are listed in the current national wastewater reclamation standards in China, including "the reuse of urban recycling water -water quality standard for scenic environmental use (GB/T 18921 -2002)" and "the reuse of urban recycling water -water quality standard for groundwater recharge (GB/T 19772 -2005) ". However, these indices have still not been monitored on a daily basis in many WRTPs. As a result, the reclaimed water samples were collected from the four representative WRTPs in 2010, and were used to analyze DEHP and DBP concentrations. A total of 3 ~ 5 water quality samples were collected from each WRTP within each representative month, and the samples were analyzed for DEHP and DBP concentrations, while the average concentration of these samples was used as the monthly concentration of DEHP or DBP for each WRTP within that particular month. The analysis was conducted using SPE-GC-MS based on the methods outlined in previous literatures (Suzuki et al., 2001; Eaton et al., 2005) . The equipments used for analysis include gas chromatography mass spectrometry (GC-MS) (Agilent, USA), HP-5UI capillary column (30 m × 0.25 mm × 0.25 μm) with maximum use temperature of 325 C (Agilent, USA), solid phase extraction (SPE) equipment and sample introduction device (Supelco, USA), nitrogen evaporator (Organomation Co. Ltd., USA), pipette (Gilson Co. Ltd., France), and ultra-pure water device (Millipore, USA). The consumables mainly included the DBP and DEHP standard solutions (Institute for Reference Materials of SEPA, China), chromatography grade methanol (Siyou Technology Co. Ltd., China), solid phase extraction column of 30 μm × 60 mg × 3 cc (Waters Co. Ltd., USA), nitrogen and helium with purity of 99.999% (Zhaoge Gas Technology Co. Ltd, China), and ultrafiltration membrane of 0.45 μm (Dongke Equipment Technology Co. Ltd., China).
The solid phase extraction (SPE) method was used for the pretreatment of reclaimed water sample, and the HLB extraction column was activated by 6 mL of methanol and distilled water before use. The reclaimed water sample was firstly filtered through a fiber membrane filter with an average pore diameter of 0.45 μm, and about 100 mL of filtrate went through the HLB extraction column at a flow rate of 2 ~ 3 mL/min under vacuum pressure. The adsorbed DBP and DEHP were then quantitatively eluted from the extraction column into a centrifuge tube with 9 mL of eluent that was the mixed ether and methanol (i.e. mixing ratio of 95:5). The obtained liquid was then blown off with high-purity nitrogen until its volume was about 1 mL, and the volume was finally adjusted to exactly 1 mL. In terms of the operating conditions of GC, the carrier gas (helium) flow rate was 1.0 mL/min, and the injection port temperature was 280 C. The temperature program comprised of four phases. Initially the temperature was set at 50 C for 0.75 min, and it was then ramped to 150 C at a rate of 20 C/min. After that, it was ramped to 260 C and was held for 3 min. Finally, it was ramped to 280 C at a rate of 5 C/min. The sampling method was splitless injection with injection volume of 1 L. In terms of the mass spectrometer conditions, the ion source temperature was 230 C and the interface temperature was 280 C. The electron impact energy was 70 eV and the electron multiplier voltage was 1718 eV. The selected ion monitoring (SIM) was chosen as the scanning mode with mass-to-charge ratio (m/z) of the characteristic ions of DBP (e.g., m/z of 149, 205, and 223) and DEHP (e.g., m/z of 149, 167, and 279), respectively. The solvent delay was 4.8 min.
Procedures of Principal Component Analysis
The principal component analysis (PCA) has been designed to convert a large dataset of the original correlated variables into a smaller set of new and uncorrelated variables (i.e. principal components). Through data reduction, it provides in- formation on the most meaningful parameters that can describe a whole data set with minimum loss of original information (Iscen et al., 2008) . The principal components are weighted linear combinations of original variables, with the first principal component representing the largest variability of the original data set, and the second component representing the next largest variance that is orthogonal to the first component (Deb et al., 2008) . The PCA method involves a number of steps (Ouyang, 2005) , including (1) listing the data matrix with original variables X i of water quality indices; (2) transforming matrix X i into a standardized matrix Y i (i.e. with zero mean and unit variance) using Equation (1) so that they all have equal weights in the analysis; (3) using Equations (2 ~ 3) to calculate the covariance matrix R of Y i (i.e. the correlation coefficient matrix of X i ), the eigenvalues (λ i ), and the corresponding eigenvector (L i ); (4) identifying the principal components and discarding any components that only account for a small portion of the variation in the data set, while the cumulative percentage variance of greater than 80% was used as a criterion in this study to select the principle components; (5) calculating the score (Z i ) of the principle components and the comprehensive score (Z) of each WRTP using Equations (4 ~ 5). The related equations are:
where E(X i ) is the average value of the original data X i , D(X i ) is the variance of X i , E is the unit matrix, B i is the component loading matrix value, d i is variance contribution, and Z i is the comprehensive score of the principle component. A total of 11 water quality indices were included in the water quality assessment of reclaimed water, including chroma, turbidity, dissolved solids (DS), total hardness (TH), iron, DO, COD, total phosphorus (TP), and ammonia nitrogen (NH 3 -N), DBP, and DEHP. Among them, the first four indices (i.e. chroma, turbidity, DS, and TH) can reflect the sensory property of reclaimed water. The COD index can reflect the organic pollutant content, while the indices of TP and NH 3 -N can represent the nutrient content of reclaimed water. The DBP and DEHP indices reflect the estrogen content of reclaimed water, indicating the water reuse safety on human health and ecosystem. Except for DO concentration, the higher value of these indices can indicate worse reclaimed water quality. In this study, some water quality samples were observed to have oversaturated dissolved oxygen concentrations. To maintain the consistency with other indices in terms of the correlation with water quality, the DO index was calculated as [(DO S + 4) -DO] (mg/L), where DO S is the saturated DO concentration at a certain temperature (mg/L), and DO is the measured DO concentration (mg/L). Consequently, a higher DO index indicates a worse reclaimed water quality. Table 2 lists the matrix of the original water quality variables (X i ), where the four rows of data for each wastewater reclamation treatment plant (WRTP) represent the water quality indices within four different months in 2010. It can be found that the water quality indices vary significantly among different wastewater reclamation treatment plants. Seasonal variations of reclaimed water quality were also observed for the same treatment plant. For example, the maximum NH 3 -N con- centration in reclaimed water observed in each WRTP ranged from 0.377 to 11.9 mg/L for the four WRTPs, and the NH 3 -N concentration ranged from 0.359 to 11.9 mg/L for WRTP #1 during the four different months. For WRTP #1, the TP and NH 3 -N concentrations in reclaimed water were observed to be 0.084 and 11.9 mg/L in January and 1.34 and 0.509 mg/L in July, respectively. It was noted that the reclaimed water quality standard in China was  5.0 mg/L for NH 3 -N and  1.0 mg/L for TP as stipulated in the "Standards of Reclaimed Water Quality" (SL368-2006) when the reclaimed water was used for landscape water replenishment in river. Such variation of different water quality parameters may bring difficulties in objectively evaluating the overall quality of reclaimed water.
Results and Discussions
Reclaimed Water Quality Data
Principal Component Analysis
The SPSS statistical analysis software was used to calculate the standardized matrix (Y i ) of the original data set of water quality variables (X i ) based on Equation (1) ( Table 3) . The eigenvalue greater than 1 was taken as criterion for the extraction of principal components required to explain the sources of variances in the data (Iscen et al., 2008) . Figure 2 presents the scree plot that shows the relationship between every component in sequence and its eigenvalue. Generally, an inflection point could be found in the scree plot, and the component sequence number corresponding to that inflection point represents the total number of principal components. As seen from Figure  2 , the inflection point occurred at the component sequence number of 4 after which the eigenvalues were less than 1: 
The eigenvalues for different components, percentage variance counted, cumulative percentage variance, and component loadings were also calculated using SPSS software based on Equations (2 ~ 3), and Tables 4 ~ 5 present the results. Equation (6) presents the eigenvector L. In Table 4 , "Total", "% of Variance" and "Cumulative %" represent the eigenvalue, variance contribution, and cumulative variance contribution, respectively. As shown in Table 4 , the cumulative variance contribution of the first four components was 86.42%. As a result, these four components could have reflected enough water quality information of the original data set, and can be used to analyze and evaluate the quality of reclaimed water from different WRTPs. The component loadings of these four principle components (PC) are presented in Figure 3 . The first principle component had a variance contribution of 43.53%. By observing the magnitude of component loadings shown in Figure 3 , this principal component mainly included chroma, turbidity, dissolved solids, total hardness, and COD. The second principal component had a variance contribution rate of 21.67%, and it main- ly included the indices of NH 3 -N, DBP, and DEHP. The variance contribution of the third principal component was 11.60%, with the parameters of TP and Fe being mainly involved. The fourth principal component had a variance contribution of 9.62%, and DO was its mainly involved water quality index. The identification of these four principal components were of important significance in the reuse of reclaimed water. In the first principle component, chroma, turbidity, dissolved solids, and total hardness are the sensory property indices, while COD could reflect the concentration of organic pollutants in reclaimed water. The control of these indices should be a premise of the reuse of reclaimed water (e.g., clear and no odor). In the second principle component, DBP and DEHP are two types of indices involving the safety of ecology and human health, and the NH 3 -N tends to cause water eutrophication that is harmful to fish and some other aquatic organisms. They should be given much attention due to the safety concerns of the reuse of reclaimed water. In the third principle component, the Fe index had important influence on the color of reclaimed water, and the total phosphorus can be contributed to water eutrophication. Attention should be given to these parameters especially when the reclaimed water was used to recharge river and lake environment. In the fourth principle component, the DO index could reflect not only the capability of water self-purification but also the degree of water pollution. Overall, these four principal components can have key influences on the reclaimed water quality. It's of great importance to pay attention to the removal efficiency of the involved water quality indices when choosing the wastewater reclamation treatment process.
Comparison of Reclaimed Water Quality among Various Treatment Plants
The component score (Z i ) of each principle component was calculated using Equation (4) and the eigenvector (L i ) in Equation (6). For example, the score (Z i ) of the four principle components can be calculated as follows:
Z 1 = 0.403y 1 + 0.402y 2 + 0.419y 3 + 0.409y 4 + 0.039y 5 + 0.030y 6 + 0.427y 7 + 0.120y 8 + 0.233y 9 + 0.109y 10 + 0.261y 11 (7)
Z 2 = -0.236y 1 -0.085y 2 -0.210y 3 -0.178y 4 + 0.002y 5 -0.353y 6 + 0.099y 7 -0.212y 8 + 0.413y 9 + 0.505y 10 + 0.506y 11 (8) Z 3 = 0.083y 1 + 0.159y 2 -0.043y 3 -0.187y 4 + 0.682y 5 + 0.467y 6 -0.053y 7 -0.479y 8 + 0.100y 9 -0.030y 10 + 0.064y 11 (9) Z 4 = -0.049y 1 -0.035y 2 + 0.060y 3 + 0.113y 4 + 0.543y 5 -0.103y 6 -0.231y 7 + 0.533y 8 -0.302y 9 + 0.496y 10 -0.018y 11 (10)
The comprehensive score of each WRTP was then calculated using Equation (5) with the percentage variance (d i ) shown in Table 4 acting as the weighting factor. The average score of the water quality for each WRTP was then obtained, and the results are shown in Table 6 . The comprehensive score value Z of each WRTP could reflect the quality of its reclaimed water, and a lower comprehensive score value can indicate a better reclaimed water quality. It can be found from Table 6 that WRTP #4 had the best effluent quality that is associated with a least comprehensive score (i.e. -1.111). This plant used the advanced RO process for the reclamation treatment of wastewater, and thus it had a higher removal rate of pollutants. The comprehensive score of WRTP #2 was the highest (i.e. 0.996), indicating that its effluent quality was the worst. This plant adopted the micro-flocculation process for the reclamation treatment, and thus it had a poor effluent quality. WRTP #1 used the coagulation, sedimentation, and filtration process for wastewater reclamation, and WRTP #3 applied ultra-filtration membrane process for reclamation treatment. As a result, their reclaimed water qualities were between those of WRTPs #2 and #4. The wastewater reclamation treatment process can have significant impact on the 11 selected water quality indices of reclaimed water due to their different pollutant removal mechanisms (Table 2 ). This can lead to difficulty in evaluating the overall water quality of each WRTP. The four principle components identified in this study can help evaluate the overall water quality associated with different reclamation treatment process, and should be listed as key monitoring water quality indices during the daily operation of WRTP, and should be controlled based on the application purposes of reclaimed water.
Conclusions
A principal component analysis (PCA) method was applied to evaluate the reclaimed water quality associated with wastewater reclamation. A series of water quality data, covering eleven parameters, were collected from four typical wastewater reclamation treatment plants (WRTPs) in northern China. In addition to the conventional physicochemical parameters, the measurements of two estrogens in reclaimed water, namely the Di (2-ethylhexyl) phthalate (DEHP) and di-n-butyl phthalate (DBP), were also conducted in this study due to the health safety concerns of wastewater reclamation. Four principal components, accounting for 87.66% of the variance in the original water quality data set, were identified to comprehensively and objectively reflect the reclaimed water quality. The first principal component (PC) was mainly involved with the COD parameter and the sensory properties of reclaimed water, including chroma, turbidity, dissolved solids, and total hardness. The second PC included NH 3 -N, DBP, and DEHP, which can indicate the ecological and human health security associated with the reuse of reclaimed water. The parameters of total phosphorus (TP) and iron (Fe) were mainly included in the third PC, and the fourth PC was mainly involved with the dissolve oxygen (DO) parameter. These four principal components can have critical influences on the overall quality of reclaimed water. A comprehensive score of water quality was then obtained for each WRTP. It was observed that the wastewater reclamation process could greatly affect the quality of reclaimed water. The reverse osmosis (RO) process was associated with the best water quality, followed by ultrafiltration membrane process and coagulation-sedimentationfiltration process. The micro-flocculation reclamation process was linked to the worst reclaimed water quality. As a result, the four principle components identified in this study should be listed as the key monitoring indices of WRTP effluent during its daily operation, and their effective control is critical for ensuring the safe utilization of reclaimed water.
